ABSTRACT We have detected a proteolytic mechanism in chloroplasts that selectively and rapidly degrades the imported small subunit of ribulose 1,5-bisphosphate carboxylase when pools of the chloroplast-synthesized large subunit are depleted. This degradation system is constitutively present and appears to be responsible for precise stoichiometric accumulation of the two subunits of the enzyme. We believe similar proteolytic mechanisms participate in regulating the accumulation of other photosynthetic proteins during chloroplast biogenesis.
Ribulose 1,5-bisphosphate carboxylase/oxygenase [RbuP2Case; 3-phospho-D-glycerate carboxy-lyase (dimerizing), EC 4.1.1.39], the major protein in C3 plants, is localized in the soluble fraction of chloroplasts, where it catalyzes the initial steps in CO2 reduction (1, 2) . The RbuP2Case holoenzyme consists of eight copies of each of the 52,000-to 56,000-dalton large subunit and the 12,000-to 15,000-dalton small subunit. Much is known concerning the mode of synthesis of the large subunit within chloroplasts and of the nuclear-encoded small subunit in the cytoplasm. However, many aspects of the regulation of synthesis and the pathway for subunit assembly remain to be elucidated. In particular, the mechanism(s) by which stoichiometric amounts of large and small subunits are produced during chloroplast biogenesis have not been established. In this paper, we provide evidence that, when the small subunit is produced in excess of the large, it is selectively and rapidly degraded by a proteolytic activity that is constitutively present in chloroplasts.
MATERIALS AND METHODS
Cell Culture and Labeling. Chlamydononas reinhardtii wildtype (137c, mt-) and mutant ac20crl (mt-) were obtained from the Chlamydomonas Genetics Center, Duke University. The cells were grown on orbital shakers in Tris acetate/phosphate medium (3) containing MgCl2 in place of MgSO4. Logarithmicphase cultures were centrifuged at 2,500 X g for 5 min and cells were suspended to a density of 1 x 108/ml in sulfate-free medium. Cells were incubated for 30 min at 26°C under illumination with 7,500 lx before addition of antibiotics or isotope (or both). Chloramphenicol was added to a final concentration of 200 ,ug/ml. To initiate pulse-labeling, Na2'SO4 (carrier free; 43 Ci/mg at 100% isotopic enrichment; 1 Ci = 37 GBq; ICN Chemical and Radioisotope Division) was added to a final concentration of 1 mCi/ml. The chase periods were begun on addition of a 1/10th vol of 100 mM Na2SO4. At intervals, 100-,ul aliquots were transferred to 900 ul of 100% acetone at 0°C to terminate protein synthesis and degradation. Electrophoresis. Acetone precipitates were dissolved in 2% NaDodSO4/60 mM Tris HCI, pH 8.6/60 mM dithiothreitol/5 mM E-aminocaproic acid/i mM benzamidine/15% (wt/vol) sucrose, and 5-1Al aliquots were removed for radioactivity determination (4). Equal amounts of labeled protein were subjected to electrophoresis in 10-20% (wt/vol) gradient polyacrylamide gels prepared in the buffer system of Laemmli (5) . For two-dimensional electrophoresis, the precipitates were dissolved in 2% Ampholines (pH 3.5-10; LKB)/2% Nonidet P-40 (Particle Data Laboratories)/10 mM dithiothreitol/9.5 M urea/10 mM methylamine and subjected to nonequilibrium pH gradient electrophoresis for 1,600 V-hr as described (6) , except that the formulation of ampholytes for a pH range of 3.5 to 9.5 (7) was used. Electrophoresis in the second dimension was carried out in the NaDodSO4/polyacrylamide gradient gels described above. Gels were treated for fluorography (8) before exposure to Kodak X-Omat AR film at -70°C.
RESULTS
To study the in vivo events involved in the synthesis of RbuP2Case, we have used Chlamydomonas in pulse-chase labeling experiments. This unicellular green alga does not actively transport those amino acids that can be obtained at high specific radioactivity (9) . With 3So2-as a substrate for in vivo labeling studies, however, it is possible to analyze proteins synthesized within 5 min. To follow the fates of de novo products, we then added a more than 50,000-fold excess of unlabeled sulfate. The effectiveness of the pulse-chase procedure is shown in Figs. 1 and 2 . The mean rate of labeling during the pulse period was =0.5 cpm per cell per min. There was no significant difference in the extent of 34S incorporation in control and chloramphenicol-treated cells in these experiments. After the first 5 min of the chase period, isotope incorporation decreases from 25% to 10% of the rate in the pulse period (Fig. 2 Inset) .
In Fig. 1 , the in vivo fates of RbuP2Case subunits are compared in untreated cells and cells treated with chloramphenicol, a specific inhibitor of chloroplast protein synthesis (10) . In this experiment, the cells were incubated with chloramphenicol for 30 min before the Na2'SO4 was added. Although it has been reported that synthesis of both large and small subunits is arrested during exposure of plants and green algae to chloramphenicol (11) (12) (13) (14) (15) (16) (17) , it is clear that the rate of synthesis of the small subunit in the cytoplasm is nearly identical in the untreated (Fig. 1, lane 1) and inhibitor-treated cells (lane 7). With the conspicuous exception of the large subunit and a few other proteins that we have identified as products of chloroplast ribosomes (data not shown), the drug has no deleterious effects on synthesis of the majority of the proteins. During the chase period, however, it appears that newly synthesized small subunit is degraded selectively in chloramphenicol-treated cells (Fig. 1, lanes 8-12) but not in untreated cells (lanes 2-6). Since Abbreviations: LHCP, light-harvesting chlorophyll protein; RbuP2Case, ribulose 1,5-bisphosphate carboxylase.
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The kinetics of small subunit degradation in chloramphenicol-treated cells was estimated by densitometric analysis of the fluorographs shown in Fig. 1 . Labeled small subunit is lost most rapidly during the first 5 min of chase despite a less complete arrest of 35SO2-incorporation during this time than during later chase periods (Fig. 2) . The initial slope indicates that the halflife of newly synthesized small subunit is <7.5 min. These data can account for the apparent absence of small subunit after prolonged labeling in the presence of chloramphenicol found previously (11, (15) (16) (17) .
To further establish that the small subunit, and not another polypeptide, is subject to rapid degradation, we analyzed proteins extracted from pulse-chased cells by two-dimensional gel electrophoresis (Fig. 3) . The small subunit was identified by a similar analysis of purified RbuP2Case. The equal intensities of the spots corresponding to small subunit in Fig. 3 A and C verify that the small subunit is synthesized at identical rates in the presence and absence of chloramphenicol. In Fig. 3D , the almost complete disappearance of labeled small subunit is the most conspicuous event during the chase period with cells blocked in chloroplast protein synthesis. In contrast, newly synthesized small subunit is conserved during the chase in control cells (Fig. 3B) . Fig. 3 also shows that inhibition of chloroplast protein synthesis does not cause accumulation of the small subunit precursor, pS (19) , which possesses a positively charged "transit sequence" of 45 amino acids (20, 21) . This verifies previous in vitro studies (21) showing that chloramphenicol has no direct effect on either pS import into chloroplasts or its maturation. The two-dimensional gel analyses also show that synthesis of pS in vivo is followed rapidly by its endoproteolytic conversion to small subunit, an event that occurs in the soluble compartment of chloroplasts (21, 22) . Therefore, the in vivo transit of pS from cytoplasm through the chloroplast envelope and its maturation occurs in less than 5 min. (lanes 1-10) and then chased with unlabeled Na2SO4 for 60 min (lanes [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The time course for chloramphenicol inhibition of chloroplast protein synthesis and onset of degradation of small subunit is shown in Fig. 4 . Chloramphenicol immediately inhibits large subunit synthesis (lane 2) but small subunit synthesis is not diminished by the drug for periods of up to 2 hr (lanes 2-10). However, the amount of labeled small subunit that is recovered in chased cells (lanes 11-20) depends on the length of time that chloroplast protein synthesis is inhibited. Thus, much of the small subunit produced when chloramphenicol is added simultaneously (lanes 2 and 12) is not degraded. After chloramphenicol treatment for 15 min, however, most of the newly synthesized small subunit disappears (lane 13).
RbuP2Case holoenzyme is not degraded during growth of cells in chloramphenicol; loss of immunologically detectable large and small subunits occurs slowly and correlates with dilution rates expected from cell division (data not shown). Therefore, protection of newly synthesized small subunit during the early stages of chloramphenicol treatment (Fig. 4, lane 12 ) appears to be due to its ability to associate with a pool of large subunit available for holoenzyme formation. There is evidence for unassembled or incompletely assembled large subunit in chloroplasts from vascular plants (21, (23) (24) (25) (26) . Inhibition of chloroplast protein synthesis would lead to depletion of large subunit available for assembly with small subunit. Thereafter, degradation of newly synthesized small subunit would ensue (Fig. 3,  lanes 13-20) .
To determine whether prolonged inhibition of chloroplast protein synthesis leads to attenuation of small subunit synthesis or its protease, we analyzed wild-type cells grown for extended periods in the presence of chloramphenicol and also a mutant strain of Chlamydomonas, ac2Ocrl, that possesses two altered nuclear genes affecting chloroplast ribosome assembly (27, 28) .
Both cell types exhibit substantial rates of small subunit synthesis (Fig. 5, lanes 1 and 7) 8-12) . Aliquots of the pulse-labeled cells and cells chased with 10 mM Na2SO4 for 5 mmn (lanes 2 and 8), 10 min (lanes 3 and 9), 20 min (lanes 4 and 10), 30 mmn (lanes 5 and 11), and 60 min (lanes 6 and 12) were extracted with acetone and analyzed as in Fig. 1. L (23) . Coprecipitation could be due to holoenzyme assembly intermediates but this has not been shown conclusively. Roy et al. have calculated that slow-sedimenting small subunit has an in vivo lifetime of <4 min and is present at <100 ng per plant (24) . That unassembled small subunit does not accumulate to a substantial extent in chloroplasts is also apparent from in vitro studies on the transport of pS into chloroplasts; 80% of the imported small subunit is recovered with the holoenzyme form of RbuP2Case (20) . The small amounts of in vitro-synthesized small subunit would not be able to compete with a sizeable endogenous pool of free small subunit in the isolated chloroplasts for assembly with large subunit. In isolated chloroplasts, the large subunit is recovered in the form of either 7S or 29S aggregates (24, 25) . Neither complex is associated with the small subunit; instead the 29S species is composed of large subunit and several copies of a 60,000-dalton protein (25) while the 7S form consists of large subunit dimers (26) . These forms of the large subunit are rather stable in isolated chloroplasts but are short lived in vivo (26) , presumably because they are recruited for holoenzyme formation as small subunit enters the chloroplast.
We have attempted to characterize the protease that is re- (33) , and the water-splitting arrays (34) . As another example, in the absence of chlorophyll b, the light-harvesting chlorophyll a/b-binding proteins (LHCP) polypeptides are absent from thylakoid membranes (35) . However, chlorophyll bdeficient mutants (36) (37) (38) (39) and seedlings subjected to intermittent illumination (40) (41) (42) 
